two questions : How is position-specific gene expression attained and what are the functions of the position-specific gene products?
The recent advances in Drosophila developmental genetics (Mahowald & Hardy 1985 ; for reviews of earlier work see Lawrence 1976 ) have depended upon two major lines of research. First, extensive searches of the entire genome for mutations affecting oogenesis and early development have led to the identification of a large number of relevant loci (NfissleinVolhard & Wieschaus 1980; Niisslein-Volhard et al 1984; Jiirgens et al 1984; Wieschaus et al 1984a) . These loci include a variety of segmentation genes, in which mutations cause deletions of some of the normal body segments. Thus, the wild-type segmentation pattern ( Figure 1E ) can changed by mutations in "gap" loci, which delete groups of segments ; by "pair-rule" locus mutations, which delete alternate segmental units; or by "segment polarity" mutations, which change the pattern within each segment ( Figure 2 ). In addition, many homeotic genes, in which mutations alter the identity of segments or parts of segments, have been identified. Second, the application of molecular techniques such as gene cloning, in situ hybridization to sectioned tissues, immunofluorescence, and the (Ventral is to the right, anterior is up.) (B) After a series of syncytial nuclear divisions, most of the nuclei move to the cortex of the egg. A few nuclei at the posterior pole are formed into cells, some of which will become the germline precursor cells. (C) After a total of 13 rounds of nuclear division, the approximately 6000 resulting nuclei are formed into cells. Immediately thereafter, gastrulation begins with a series of invaginations. (D) Gastrulation and germ-band elongation produce an embryo with the most-posterior precursor cells moved so that they lie behind the developing head region (P = posterior end of germ band). While the germ band is extended, the segments first appear. (E) After the germ band shortens (by about 10 hr), the lobed head segments, three thoracic segments, eight abdominal segments, and the caudal region are visible. (For a complete description of early development see Foe & Alberts 1983 and Turner & Mahowald 1976 , 1977 introduction of cloned DNA into the germ line have allowed patterns of gene expression to be analyzed with a precision that was previously unattainable. Most importantly, the gene products being tracked are ideal morphological markers, limited to groups of cells that are otherwise largely indistinguishable from other cells. In addition to their restricted spatial distributions, the molecules encoded by the segmentation and homeotic genes are themselves involved in regulating embryogenesis. Historically, the dominant idea regarding the origins of biological pattern was that graded variations in the concentrations of morphogens (either prepackaged in the egg or formed by zygotic processes) specify the fates of different cells (Kalthoff 1976 ; Meinhardt & Gierer 1980 ; Meinhardt 1982; Slack 1983; Sander 1984; Russell 1985) . There is, however, no direct evidence supporting this type of model. It has been supported primarily by theoretical considerations, and other types of models remain equally plausible. As we describe here, recent studies of spatial patterns of embryonic gene expression suggest that combinatorial gene actions and localized cell interactions could provide alternative explanations for how pattern formation is achieved.
GAP PAIR-RULE SEGMENT POLARITY
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Figure2 Classes of segmentation loci : patterns ofgene expression and deletion phenotypes. The diagrams show one example from each of the three classes of segmentation genes. Kriippel (Kr) is a "gap" locus; null mutant Kr embryos lack thoracic and anterior abdominal segments (gray). The initial pattern of Kr transcripts is a belt near the middle of the embryo (#ray shadin#). Kr RNA is first detected before cells form, as shown, fushi tarazu (ftz) is an example of a pair-rule gene. Mutations in ftz cause deletions of alternate segmental boundaries, as indicated (t?ray areas). Shortly before celluiarization, ftz RNA and protein products are observed in seven stripes (#ray), the most posterior of which is wider than the others. The entTrailed (en) gene is required in the posterior of each segment (#ray areas). The en gene is an example of the segment polarity or polarity reversal class of loci. The en striped pattern is first seen after cells have formed. There are 14 (later 15) en stripes, about twice the number of stripes seen when observing pair-rnle gene products. (For further descriptions see text and references therein.)
AN OUTLINE OF EARLY DEVELOPMENT IN DROSOPHILA
Patterns develop very quickly in the early Drosophila embryo (Figure 1 ). After only twe~lve hours of development at 25°C, the organization of the Drosophila embryo is quite complex. In addition to basic features, such as distinct endoderm, mesoderm, ectoderm, and germ cells, the segments have formed a number of segment-specific structures (Figure 3a) . Because of its intricate pattern, the presence of the partially formed central and peripheral nervous system dramatically illustrates the detail of the organization ( Figure 3b ). In this review we concentrate on the events of the first twelve hours of development, during which the basic body plan of the organism arises. Since more is known about anterior-posterior pattern regulation than about dorsal-ventral regulation, our focus is on the events that lead to the anterior-posterior differentiation of the body segments. Following fertilization, fly development begins with a series of roughly synchronous syncytial mitoses, which occur once every 6-10 min at the cleavage stage (Turner & Mahowald 1976; Foe & Alberts 1983) . A cytoskeletal network organizes a zone of cytoplasm around each syncytial nucleus, and together nuclei and cytoplasm go through a programmed series of divisions and movements. During the telophase periods of the eighth and ninth nuclear division cycles, most of the nuclei migrate to the periphery of the egg to form the syncytial blastoderm. About five nuclei arrive at the surface of the posterior pole of the embryo at cycle nine, cause the egg membrane to bulge outward, and become fully enclosed in cell membranes during the next nuclear division. These "pole cells" are the progenitors of the germ cells. Most of the remaining nuclei reach the surface of the egg in cycle ten and undergo four more syncytial divisions at progressively slower rates (9-21 min). Streaming of cytoplasm to and from the anterior and posterior poles of the embryo occurs during the later nuclear divisions (Foe & Alberts 1983) . During a 30-min period following the thirteenth division, cell membranes grow in between the nuclei to form individual cells (cellularization stage). Completion cellularization, at about 2.5 hr of development, produces the cellular blastoderm. Although the resulting shell of about 6000 cells has few visibly distinctive features, it is primed to undergo a rapid development of visible pattern during the gastrulation movements. As is discussed below, at least a rough code of spatial information is already present in the cellular blastoderm.
As soon as the cell membranes are formed, gastrulation begins (Turner & Mahowald 1977) . The first movements visibly segregate presumptive mesoderm, endoderm, and ectoderm. The presumptive mesoderm, about 1000 cells along the ventral midline, folds in to produce the ventral furrow and subsequently pinches off to form a ventral tube, which flattens as a layer of mesoderm beneath the ventral ectoderm. Presumptive endoderm invaginates as two pockets at the anterior and posterior extremes of the ventral furrow. Additional early movements of gastrulation substantially influence the shape of the embryo, but their function is unknown. A transverse cephalic furrow begins to tbrm laterally near the anterior extreme of the ventral furrow. This infolding persists for about 3 hr and then unfolds with no clear consequence. Posterior to the cephalic furrow, cells begin to move ventrally around the sides of the embryo. The cells gather along the ventral midline, now called the germ band, and begin to move posteriorly, continuing around the posterior end of the embryo to the dorsal side of the embryo. When the germ band is fully extended, the cells that will form the most posterior larval structures are located just behind the presumptive head region. While the germ band is extended, at about 6 hr of development, the body segments first appear. There are several lobes that represent the early head segments, three thoracic segments, eight obvious abdominal segments, and at least two caudal segments. The epidermal ectoderm, the neural ectoderm, and the mesoderm cells are all arranged in segmental divisions. The germ band reverses its earlier movements to return the posterior segments to the posterior tip of the embryo, a process that is completed by about 10 hr of development. During germ-band extension and retraction, the epidermal ectoderm cells undergo 2-3 cell divisions. These cell cycles are much slower than the cleavage stage nuclear division cycles. In addition, mitoses begin at specific times in several areas of the embryo and then spread to cells in other regions of the embryo. Most cells in the germ band undergo their first postblastoderm mitosis during the latter half of germ-band elongation (Hartenstein & Campos-Ortega 1985) . Thus, early and dramatic morphogenetic movements occur without cell division.
Development of the nervous system begins early during gastrulation (Poulson 1950; Hartenstein & Campos-Ortega 1984) . Starting at about 4.5 hr, neuronal precursor cells located in two strips along each side of the ventral midline (the "neurogenic" region) enter the interior of the embryo as individual cells, squeezing between and separating from the epidermal cells that remain on the outside. These neuroblast cells are positioned in a pattern that repeats with small but specific variations in each segmental primordium. The neuroblasts follow a stereotyped pattern of divisions to give rise to numerous neurons arranged in an orderly but complex pattern.
Experiments in which cells are killed (Lohs-Schardin et al 1979 ; Underwood et al 1980) , transplanted (Simcox & Sang 1983) , or observed through movements of injected peroxidase have defined an approximate fate map of the cellular blastoderm. At the blastoderm stage the individual cells have learned their relative positions in the embryo. If blastoderm cells are transplanted, they do not form structures characteristic of their new location, but instead form structures that they would have developed in their original positions. On this basis, it has been Annual Reviews www.annualreviews.org/aronline concluded that the blastoderm cells are spatially determined with respect to segmental identity (Illmensee 1976) . It should be emphasized that these experiments have a rather low spatial resolution and that other experiments suggest that determination of fate is a progressive process with some events preceding and some following formation of the cellular blastoderm. Only part of the pattern can be determined at the blastoderm stage, since many new cells are later produced by cell division and incorporated into the pattern (e.g. Hartenstein & Campos-Ortega 1985; Doe & Goodman 1985; Kuwada & Goodman 1985) .
Classical genetic analysis of mitotic clones has shown that each segment is composed of cells from two distinct lineages, the anterior and posterior compartments . The distinction between these groups of cells is made at or shortly after the cellular blastoderm stage (Wieschaus & Gehring 1976) . The clonal studies anticipated some of the molecular analysis reviewed here, in that they predicted that l~he blastoderm would be subdivided in a zebra-striped pattern of alternating groups of differently specified cells (anterior and posterior). Two repeat units can be defined in an alternating pattern of anterior and posterior stripes : a segment, which is composed of an anterior and a posterior compartment, and a parasegment, which is defined as the posterior compartment of one segment and the anterior compartment of the next most posterior segment (Martinez-Arias & Lawrence 1985) . The subdivision into parasegments and compartments is important because it has been suggested that these groups of cells are the developmental units that function in pattern-refining steps and in events regulating homeotic gene expression (for review see Brower 1985) .
MATERNAL CONTRIBUTIONS TO EMBRYONIC PATTERN FORMATION
A number of experimental efforts have been made to address two difficult questions. First, what components needed for pattern formation are packaged into the egg? Second, to what extent do localized substances in the oocyte provide information to direct subsequent pattern formation? That some "maternal hardware" is needed for anterior-posterior differentiation has been shown experimentally: Females carrying mutations in genes encoding necessary substances normally provided during oogenesis produce embryos that, regardless of the zygotic genotype, have segmentation defects (e.g. Niisslein-Volhard 1979 ; Sch/ipbach & Wieschaus 1986 ). However, additional studies are needed to determine whether the position of such substances in the oocyte is important to subsequent development. For example, the importance of localized determinants can be revealed by experimental manipulations, such as centrifugations or tigations that disrupt the organization of the egg (e.g. Schubiger & Newman 1982; Kalthoff 1983) . Both genetic and developmental analyses suggest that the egg contributes maternal hardware essential to some of the earliest stages of pattern formation, for example, dorsal-ventral and anterior-posterior axis determination (Niisslein-Volhard 1979) . Thus, screens for maternal effect mutations have led to an estimation of at least 10 maternally provided gene products that are essential for definition of the dorsal-ventral axis and appear to have no other essential function (Anderson & NiissleinVolhard 1984) . Likewise, at least that many loci are involved in anteriorto-posterior patterning (Lehmann 1985; Schiipbach & Wieschaus 1986; T. Schtipbach, personal communication) . However, the rescue of mutant phenotypes by cytoplasmic transfer suggests that some of the maternal gene products required for this patterning are not, or may not need to be, precisely localized in the oocyte (Anderson & Niisslein-Volhard 1984) .
Asymmetries in the egg clearly determine the overall orientation of the anterior-posterior and dorsal-ventral axes. For example, in another family of flies, the midges, the anterior end of the cylindrical egg is specified by UY-sensitive and RNase-sensitive determinants localized near this pole (Kalthoff 1983 ; Sander 1984) . There are also localized determinants near the posterior tip of insect eggs specifying the formation of pole cells, as was first shown in beetles (Hegner 1911) . The transplantation of Drosophila posterior polar cytoplasm to a new location has been used to demonstrate that cytoplasm at the posterior tip of the oocyte contains information involved in determining cells to become germ-line precursors (Illmensee Mahowald. 1974; Okada et al 1974) . The posterior determinants may reside in the polar granules, characteristic structures associated with the posterior cytoplasm.
The results of experiments in which Drosophila embryos are divided by ligation at various stages of early development argue against the importance of precisely localized, maternally provided determinants in specifying the fate of cells that form at particular positions along ~he embryo (Sehubiger & Newman 1982; reviewed in Kalthoff 1983; Sander 1984 ). There are not, for example, localized determinants for each segment: If the anterior or posterior end of an insect embryo is separated by constriction from the rest of the embryo, a cell whose position would have caused it to give rise to a certain segment of the insect instead participates in the formation of a different segment. This plasticity suggests that most of the blastoderm cells are not determined simply by responding to prelocalized cortical cytoplasmic materials when the nuclei move into their positions and cellularize during blastoderm formation. Annual Reviews www.annualreviews.org/aronline
Evidence from experiments with the insect Smittia also argues against the importance of prelocalized maternal determinants. Centrifugation and UV irradiation of the Smittia egg can result in the formation of normallooking embryos that are reversed along the anterior-posterior axis relative to the egg case (Kalthoff et al 1982; Kalthoff 1983) . Either the normal body pattern of the reversed embryos forms despite any localized determinants that are in the oocyte, or all of these determinants are rearranged in an orderly way by the experimental treatments used, an unlikely proposition. These experiments show that determination is a dynamic and flexible process that can respond to experimental manipulations performed after oogenesis is complete.
THE INITIAL ACTIVATION OF THE ZYGOTIC GENOME
Eggs are unusually large cells, and the synthetic capacity of a diploid nucleus appears inadequate to direct the rapid changes that occur in the initial stages of development. The Drosophila egg is about 400/~m long and 160/~m across and contains about 109 molecules of mRNA (HoughEvans et al 1980 ; Jacobs-Lorena et al 1980) . If a single gene were packed with RNA polymerases at the maximum density (McKnight & Miller 1976) , the rate of transcriptional elongation would limit transcript production to about 1000 molecules per hour. At this rate, it would take a diploid gene about a year to make a 1% contribution to the pool of mRNA. This type of reasoning suggests that early events must be primarily carried out by products previously packaged into the eggs. Indeed, early embryonic divisions proceed with little detectable transcription, and activity of the genome appears to be unnecessary for many of the early events. At cellularization there is an abrupt transition during which transcriptional activity is dramatically increased and the zygotic nuclei begin to take on their normal, substantial, synthetic responsibilities .
Studies of frog embryos have uncovered and described a developmental transition extraordinarily analogous to that of Drosophila (Newport Kirschner 1982) . This event, the midblastula transition, may be a fundamental feature of early development in many complex metazoans. In both Drosophila and frog, the timing of the transition is determined by the nuclear to cytoplasmic ratio Newport & Kirschner 1982) , which increases progressively during the rapid nuclear or cell divisions. Perhaps it is the devotion of cellular processes to rapid DNA replication and nuclear division in the early embryo that limits early transcription.
In support of this idea, inhibition of DNA replication during the early cell divisions leads to precocious activation of transcription . Some of the genes involved in pattern formation events (see below) show exceptionally early expression that precedes the general activation of transcription. Additionally, electron microscopic analysis of transcription fibers on dispersed chromatin suggests that prior to full transcriptional activation, a special class of short transcription units are very heavily transcribed (McKnight & Miller 1976) . It is not at all clear how ,transcription of these particular sequences is activated during the cleavage stages.
A critical problem in pattern formation is how genes that come to be expressed in spatially specific patterns are initially regulated in the very early embryo. It appears unlikely that localized cortical determinants activate specific patterns of transcription in nuclei upon their arrival at the egg surface. Experiments described above suggest that cortical determinants that are prelocalized in the oocyte do not determine the fates of blastoderm cells, although determinants could become localized in the cortex as the early embryo develops. Another relevant result is that the initial transcription of the Kriippel "gap" segmentation locus (Wieschaus et al 1984b) occurs in specific regions along the anterior-posterior axis both in the cells at the surface of the blastoderm and in yolk nuclei located at corresponding positions in the interior of the embryo (Knipple et al 1985) . Therefore, nuclei that have never reached the cortex are sensing their position in the embryo. However, another possibility is that radial streaming of the cytoplasm (Foe & Alberts 1983 ) is responsible for communication between the yolk nuclei and the cortex. A final point is that cellularization does not appear to be a critical event in the establishment of localized transcript distribution. Transcripts encoded by some of the segmentation genes occur in specific positions along the embryo prior to cellularization, as is described below.
A GENETIC HIERARCHY: THE ZYGOTICALLY ACTIVE SEGMENTATION GENES
Recent results suggest a perspective that emphasizes interaction among zygotically active genes as a dynamic process that gradually refines the developing pattern of the early embryonic segments (Raft & Kaufman 1983 ; Mahowald & Hardy 1985) . According to this model, the maternal influences--localized determinants and/or gradients--provide only approximate information about the axes and organization of the embryo. In this view, the burden of precise pattern formation is placed upon the zygotically active gene systems. The maternal genome provides essential Annual Reviews www.annualreviews.org/aronline functions, but the maternally provided molecules need not be positioned with extreme precision. Although developmental mutations in Drosophila have many origins, one large-scale screen has been an exceptionally fruitful source of mutations affecting early embryonic development (N/isslein-Volhard Wieschaus 1980; Niisslein-Volhard et al 1984; Jiirgens et al 1984; Wieschaus et al 1984a) . Lethal mutations were screened by examination of embryos in the lethal arrest state. Statistically, the number of lethal mutations examined was sufficient to identify lesions in most of the loci involved in production of embryonic cuticular pattern, assuming the loci are susceptible to ethylmethane sulfonate mutagenesis. In addition, the identified loci accounted for the defects seen when deletions covering much of the genome were examined for their effects on cuticle formation. However, some other relevant loci may have yet to be found. About twenty of the identified loci are involved in the process of segmentation. These are particularly interesting because they appear to represent a group of regulatory genes that interact in a regulatory cascade that specifies the repeating pattern of segments.
The segmentation genes are divided into three phenotypic classes based on the extent of the pattern defects (Figure 2 ). Mutations in the four "gap" loci delete large parts of the embryonic segment pattern; mutations in the eight "pair-rule" genes cause deletions of patterns spaced at two segment intervals; mutations in the nine "segment polarity" loci affect parts of every body segment (Figure 3a) . The gap loci can be viewed as coarse dividers of the embryo, the pair-rule loci as functioning to divide the embryo into segmental units, and the segment polarity loci as involved in forming patterns within each segment. There are indications that a balance between the levels of different segmentation gene products is important: Hyperdosage of the runt pair-rule gene causes defects in segments that are unaffected by the absence of runt (J. P. Gergen & E. Wieschaus 1986b) . In a related study it was found that it is as harmful to express the fushi tarazu (ftz) gene in places in the embryo where it is normally not expressed as it is to lack ftz products where they are normally required (Struhl 1985) .
The localized defects seen in segmentation mutants appear to be wellcorrelated with the spatial patterns of expression of these genes ( Figure  2 ). For example, in situ hybridization to tissue sections shows that as early as division cycle 11, RNA from the Kriippel (Kr) gap locus is localized in a thick belt around the middle of the embryo (Knipple et al 1985) . The position of the pattern deletion in Kr-embryos roughly corresponds to the position of the early belt of expression (Figure 2) , though a larger region is absent from the segmentation pattern later than would be expected from the width of the early belt of expression. Thus, Kr may affect cells in which Annual Reviews www.annualreviews.org/aronline it is not expressed. The pattern of Kr expression becomes more complex later in development, spreading into new regions well separated from the first place the gene was expressed. Thus, this gap gene is expressed very early in development, and the transcripts are localized before the embryo is divided into cells.
Mutations in two extensively studied pair-rule loci, fushi tarazu (ftz) and hairy (h), cause defects in alternate segments, which are offset from each other. The ftz mutations result in the absence of the labial-maxillary, T1-T2, T3-A1, A2-A3, A4-A5, A6-A7, and A8-caudal (T = thoracic, A abdominal) segment boundaries (Figure 2 ; Wakimoto & Kaufman 1981) , while h mutations result in the absence of the segment boundaries that are not affected by ftz (Nfisslein-Volhard & Wieschaus 1980; Ish-Horowicz et al 1985) . Both h and ftz transcripts are first detected at about the same time that Kr RNA is first detected (Hafen et al 1984a ; Ingham et al 1985) . Initially, h RNA is found uniformly throughout the embryo, while ftz RNA is restricted to a broad region between 15 and 65% of the egg length (0% is the posterior tip of the embryo and 65% is approximately the junction of the thoracic and head segments). During the next two nuclear divisions, both of the patterns become more complex, resolving first into several broad bands and then into seven transverse stripes at two-segment intervals (Hafen et al 1984a ; Weir & Kornberg 1985 ; Ingham et al 1985) . Thus, the periodic pattern of defects seen in the mutant embryos is preceded by spatially restricted expression in a similarly periodic pattern. The striped patterns are established before cell membranes form, and the h stripes are offset from the ftz stripes (Ish-Horowicz et al 1985 ; Ingham et al 1985) , as one would predict from the phenotypes. The h and ftz stripes are not perfectly offset; they overlap by one to two cells. Some cells express both genes, some express neither, and some express just one. The similarity between the offset in the periodic patterns of expression of h and fiz and the offset in h and ftz mutant defects argues for a correspondence between the sites of gene function and the localization of RNA and protein products. However, as is discussed below (see section on cells responding to their neighbors), other factors could come into play such that there may not be a precise correspondence between the cells that express a gene product and those affected by the absence of the product. The remarkable patterns of gene expression detected with the molecular probes provide a tantalizing glimpse of pattern formation in progress. The refinement of the pattern from initially uniform expression to stripes is precisely the type of process we would like to understand. It seems likely that regulatory interactions among the gap gene products and the various pair-rule gene products play a role in this process.
Genes of the third class of zygotic segmentation genes, the segment Annual Reviews www.annualreviews.org/aronline polarity genes, act in every segment. Again, the expression of these genes may be spatially offset; some genes affect posterior parts of segments, some affect segment boundaries, and some affect anterior parts of segments. RNA (and protein) from one of these genes, the en#railed (en) locus, accumulates in fourteen transverse stripes (each about one cell in width) by late division cycle 14, after completion of cellularization Fjose et al 1985 ; DiNardo et al 1985) . Later, during germ-band elongation, a fifteenth en stripe develops near the posterior end of the embryo. The positions of these stripes correspond to the anlagen of the posterior part of each segment (Figure 2 ). There are therefore about twice as many en stripes as h or ftz stripes, en has been shown to act in posterior compartment cells to distinguish them from anterior compartment cells, both during embryogenesis and during metamorphosis (Garcia-Bellido & Santamaria 1972; Lawrence & Morata 1976 ; Kornberg 1981a,b) . The en#railed (en) gene has some attributes of a pair-rule locus (Niisslein-Volhard & Wieschaus 1980; Kornberg 1981b ), but it seems belong in the segment polarity class since it affects all of the segments. It remains to be seen whether en acts in a way that is fully representative of the genes in the segment polarity class. The en gene also appears to function in the precellular embryo (Karr et al 1985) .
The experiments employing in situ hybridization of cloned gene probes to tissues have demonstrated that the expression of many of the regulatory genes is controlled at a level that affects the accumulation of transcripts. They have also shown that different cells express different combinations of segmentation genes. A key question is the extent to which the data support the intuitive idea that the embryo is progressively subdivided by successive actions of the gap, pair-rule, and segment polarity loci. As would be expected if this idea is correct, the localized patterns of expression appear in a temporal sequence of successively finer subdivisions, as described above.
More direct evidence for the proposed hierarchy comes from examining the expression of genes in one class in embryos carrying mutations in genes in other classes. Only a few experiments have been reported to date, but all of them are in agreement with the gap -~ pair-rule -~ segment polarity gene hierarchy. For example, ftz (pair-rule) expression is altered mutations in all four gap loci but is unaffected by mutations in three segment polarity loci, including en . Furthermore, in the next tier of the proposed hierarchy, mutations in any of the eight pairrule loci alter en expression (S. DiNardo & P. H. O'Farrell, unpublished) . However, in addition to these regulatory interactions between classes, some of the genes within a class interact. Thus, for three of the seven other pair-rule loci, a mutation alters ftz expression Howard & Ingham 1986) , and within the next tier, mutation in either of at least two other segment polarity genes affects en expression (S. DiNardo & P. H. O'Farrell, unpublished data). Whereas mutations in the pair-rule locus h affect ftz expression, the pattern of h RNAs is not affected by ftz mutations (Ingham et al 1985 ; Howard & Ingham 1986) . Therefore, even within the class of pair-rule loci, hierarchical interactions can be defined.
In an embryo mutant for a pair-rule gene, ftz, seven even-numbered en stripes are missing, but the odd-numbered stripes of en expression are present. Reciprocally, the pair-rule mutant paired (prd) embryo lacks the odd-numbered stripes but still expresses en in the even-numbered stripes (S. DiNardo & P. H. O'Farrell, unpublished data). Therefore, en expression can be induced by at least two independent trans-acting systems, one dependent on the prd gone product and one dependent on the ftz gene product. Since expression of engrailed in the head region of the embryo appears unaffected by either ftz or prd mutations, there may be additional combinations of regulators that can induce en.
Other observations show that en and ftz are controlled by regulators acting in combination. For example, though the expression of even-numbered bands of en relies on ftz, the en stripes of expression are one cell wide while the ftz stripes are three cells wide. Since ftz does not induce en in all the cells in which it is expressed, ftz action upon en appears to be modified by at least one other spatially localized gene product. Other observations suggest that complex combinatorial regulation may be a common feature of the regulatory interactions among segmentation genes. For example, no single zygotically active locus seems to act as a general repressor or activator of ftz . A particular locus may be required for proper ftz expression in one part of the embryo but not in other parts.
The hierarchy can be extended to genes that act only during oogenesis: Eight "maternal effect" segmentation loci have been shown to alter the pattern of expression of ftz (Mohler & Wieschaus 1985 ; Degelmann et al 1986; , and one such locus has been shown to alter h expression (Ingham et al 1985) . Some of the maternal effect loci alter all of the ftz stripes, while others disrupt only part of the pattern. As is true for the zygotically active loci, no single maternally active locus seems to act as a general repressor or activator offtz. Some of the maternal gene products may be needed only in certain parts of the embryo ; others may be needed throughout most or all of the embryo. The potential complexities are already evident; for example, a maternally active segmentation gene could act directly on fiz, or its effects could be mediated by all four gap loci and at least the three pair-rule loci that are above ftz in the hierarchy. The results support the view that the complex morphology Annual Reviews www.annualreviews.org/aronline of an embryo develops as the result of combinatorial actions of segmentation genes. But what do the segmentation genes act upon other than themselves?
HOW DO SEGMENTATION GENES CONTROL MORPHOLOGY?
To alter morphology a regulator must control many features of cell behavior, most obviously expression of differentiated gene products, internal and surface subcellular structures, patterns of proliferation, and cell movements. At present, our only real clue to how the segmentation genes (and the homeotic genes, see below) might achieve control of these parameters is that some of the gene products appear to be sequence-specific DNA-binding proteins. This is based on the observation that some of the genes have a highly conserved sequence, the homeobox sequence (McGinnis et al 1984; , which encodes a protein structure with homology to bacterial DNA-binding proteins (Laughon Scott 1984) and has been shown to have sequence-specific DNA-binding activity (Desplan et al 1985; A. Laughon & M. P. Scott, unpublished data) . In addition, the gap gene Kriippel encodes a protein product that has structural homology to the 5S ribosomal RNA transcription factor IIIA (Rosenberg et al 1986) . Thus, the homeobox-containing genes and Kriippel may encode regulators of transcription. If so, what are the target genes regulated by these proteins? Ultimately, genes encoding tissue-specific products must be regulated. This may occur through a regulatory cascade and not by direct action of the segmentation or homeotic genes on the target genes. Such a regulatory cascade has been characterized in the case of the sex-specific expression of yolk proteins (Belote et al 1985) . The control of genes encoding tissue-specific products by segmentation genes has not yet been examined. However, there are indications of a regulatory cascade in which segmentation genes control the expression of other gene regulators. We have already summarized the evidence that some segmentation genes control the expression of other segmentation genes. Additionally, the segmentation genes appear to contribute to control of the expression of another class of regulatory genes: the homeotic genes.
REGULATION OF SPATIAL DISTRIBUTION OF HOMEOTIC GENE EXPRESSION
Whereas mutations in segmentation genes lead to deletions of body parts, the consequence of a defect in a homeotic gene is that a particular part of the embryo develops the structures appropriate to another part of the animal (Garcia-Bellido 1975 , 1977 . Thus, the wild-type functions ofhomeotic genes are thought to direct the developmental fate of a group of cells. Many of the homeotic genes are located in two clusters, the bithorax complex (BX-C) (Lewis 1978; Bender et al 1983; Karch et al 1985) the Antennapedia complex (ANT-C) (Kaufman et al 1980; Scott et al 1983) . To achieve normal development, the correct combinations of homeotic genes must be expressed in cells in appropriate positions in the embryo. Again we are faced with the question of how this spatial regulation of gene expression is achieved.
We summarize a few pertinent features of the patterns of expression of the homeotic genes: First, there is an excellent correspondence between the known sites of a particular gene's function and the places its transcripts and proteins are observed. Transcript distribution has been studied for the ANT-C homeotic genes Antennapedia (Antp) (Levine et al 1983) , Sex combs reduced (Scr), and Deformed (Dfd) ; and the BX-C homeotic genes Ultrabithorax (Ubx) (Akam 1983; Akam Martinez-Arias 1985) , iab-2 (also called abdA) (Sanchez-Herrero et al 1985 ; Karch et al 1985) , and iab-7 (also called AbdB) . Protein distributions have been observed only for Ubx (White & Wilcox 1984 , 1985a Beachy et al 1985) and Antp (S. B. Carroll et al, submitted). For describing homeotic gene expression, the embryo can usefully be viewed as a series of 14 parasegmental units, with parasegment 1 in the head region and parasegment 14 at the posterior end (Martinez-Arias Lawrence 1985) . Ubx acts in parasegments 5-13, and that is where its transcripts and proteins are observed. Antp functions in parasegments 4-13, and again there is good correspondence with RNA (Levine et al 1983; Martinez-Arias 1986) and protein (S. B. Carroll et al, submitted) localizations. The localization of gene products other than Ubx and/lntp has not been as thoroughly examined, but even in these cases the correspondence between the positions of gene function and gene transcription appears to be excellent. The presence of homeotic gene expression boundaries that match compartment boundaries suggests that homeotic genes may respond to boundaries established earlier by the segmentation genes.
As in the case of the segmentation genes, the homeotic genes can be placed into a regulatory hierarchy. The presence of certain homeotic gene products reduces the transcription of others. The best examples of interactions come from BX-C genes and from the effects of BX-C genes on the accumulation of .4ntp products. Antp mutations have no effect on the pattern of Ubx transcripts or protein, but lack of Ubx + function leads to the appearance of a high level of .4ntp RNA (Hafen et al 1984b) and protein (S. B. Carroll et al, submitted) in parasegment 6. Thus, Ubx + directly or indirectly appears to block Antp RNA accumulation. The effect Annual Reviews www.annualreviews.org/aronline can be extended by removing the entire BX-C region. Then Antp RNA and protein are present at a high level all the way from their normal locations in parasegments 4 and 5 through parasegment 12. (Normally Antp is expressed at a low level in all of these more posterior regions.) BX-C genes other than Ubx must therefore also act to depress Antp function.
BX-C genes that function in the abdomen (e.g. abdA and AbdB) negatively regulate Ubx expression as well as Antp expression (Struhl & White 1985) . The abdA (lab-2) and AbdB (iab-7) transcripts have not been as precisely localized as the Ubx or Antp transcripts, but the abdA transcripts are found in regions approximately corresponding to parasegments 7-1 l, and the AbdB transcripts are in the region ofparasegments 11-13 . In the absence of both the abdA gene and the AbdB gene, high level Ubx expression extends from its normal parasegment 5 and 6 locale all the way through parasegment 13 (Struhl & White 1985) . (Normally Ubx is expressed only at a low level in these more posterior regions.) These effects may be more subtle : Not only is the level of Ubx (or Antp) affected, but the number of cells in each segment expressing either gene changes in response to the other homeotic genes. Thus, an important regulatory paradigm, which may apply to only some tissues or stages, is emerging: Homeotic genes expressed in more posterior regions reduce transcription of homeotic genes that are expressed more anteriorly, and they also affect which cells within each segment (or parasegment) express the more anterior gene.
Polycomb (Pc) and extra sex combs (esc) are two homeotic genes that, in contrast to ANT-C and BX-C genes, are not position-specific in their effects. The multiple homeotic transformations caused by Pc and esc mutations appear to be due to alterations in the spatial expression of ANT-C and BX-C genes (Lewis 1978 ; Struhl 1981b) . Pc and esc have both been shown to behave as though they are repressors of ANT-C and BX-C gene function (Duncan & Lewis 1982; Struhl 1983) . The effect of Pc mutations on Ubx and Antp RNA and protein distribution reveals that the actual situation is somewhat complex : Ubx expression increases in some regions and decreases in others (Cabrera et al 1985 ; Wedeen et al 1986) , perhaps because genes that affect Ubx (such as abdA and AbdB) are also affected by the loss of Pc + function. For instance, the absence of Pc + could derepress abdA, which in turn would repress Ubx in some cells. Antp protein is also more broadly distributed (but at low levels) in the absence of Pc + (S. B. Carroll et al, submitted) . Mutations in esc affect Ubx expression in much the same way as Pc mutations (Struhl & Akam 1985) , in keeping with the earlier predictions from genetic analyses. Abnormally widespread distributions of lab-2, iab-7, and Dfd RNAs in Pc-embryos were also found (Wedeen et al 1986) . Therefore, the prediction that Pc + Annual Reviews www.annualreviews.org/aronline SCOTT& O'FARRELL and esc + are negative regulators of BX-C and ANT-C genes is largely borne out by these data.
Interestingly, the initial pattern of Ubx transcripts in an esc-or Pcembryo is indistinguishable from that of wild-type embryos (Struhl Akam 1985 ; Wedeen et al 1986) . Only later, after gastrulation, does Ubx RNA accumulate where it normally would not. Therefore, Ubx expression is properly initiated without a need for either Pc + or esc + gene (Ingham 1983) . This is in contrast to hypotheses that both genes are involved in initiation of position-specific homeotic gene expression (e.g. Lewis 1978; Struhl & Brower 1982) . The role of Pc and esc in keeping Ubx and other genes offwhere they should be off [as was suggested by Denell & Frederick (1983) ] could be related to the interactions among different BX-C (and other) genes. For example, the negative effects ofabdA and AbdBfuncfions on Ubx expression could involve some sort of cooperation with Pc or esc products. Since many other genes superficially similar to Pc and esc have been found (Duncan 1982 ; Ingham 1984; Ingham & Whittle 1980; Jfirgens 1985; Dura et al 1985) , it will be important to ascertain their different roles. If the other genes, like Pc and esc, are not involved in the initiation of position-specific homeotic gene expression, then which genes are? Some of the complexities of position-specific homeotic gene expression are due to interactions among homeotic genes, but the anterior limits of Antp or Ubx expression have not been found to be prescribed by any known homeotic gene. Perhaps it is the segmentation genes that are involved in the initiation of position-specific homeotic gene expression. Support for this idea comes from the observation that the pattern of expression of homeotic genes can be altered by mutations in segmentation genes.
The effects of segmentation genes on homeotic gene expression have been shown both by genetic analysis Duncan 1986) and by immunofluorescence studies (S. DiNardo & P. H. O'Farrell, S. B. Carroll & M. P. Scott, unpublished data). For example, the ftz Rp~ allele causes a dominant mutant phenotype in which posterior halteres are transformed into posterior wings. The haltere-to-wing transformation is also caused by certain BX-C mutations. Several other ftz alleles have been isolated that cause homeotic transformations similar to those that result from certain BX-C mutations (Duncan 1986 ). The action of ftz upon Ubx may account for the pair-rule modulation of Ubx RNA accumulation seen transiently during formation of the germ band (Akam 1985) . Thus, certain mutations in a segmentation gene affect determination events regulated by the bithorax complex.
A second example is provided by the effects of the hunchback (hb) gap locus (Lewis 1968; Lehmann & Niisslein-Volhard 1986; M. Bender et al, submitted) on the expression of Ubx and Antp. Certain hb alleles cause Annual Reviews www.annualreviews.org/aronline transformation of the head and thorax into abdomen (Lehmann & Niisslein-Volhard 1986) . In agreement with these observations, in the absence of hb + function Ubx and Antp are expressed far more anteriorly in the embryo than they normally are (S. B. Carroll & M. P. Scott, unpublished data) . Therefore, hb is one gene involved in preventing Antp and Ubx expression in anterior regions; other gap loci may also be involved in regulating homeotic gene expression.
An important issue is how directly the interacting genes are connected. Are there many intervening steps, for example, between the expression of the Ultrabithorax product(s) and the reduction in the transcription Antennapedia in the abdominal region where both genes are expressed? The rapidity of the responses of some genes to others suggests direct interactions. For example, thefushi tarazu protein product is first detectable just after the cell membranes are completed to form the cellular blastoderm embryo. The engrailed protein product is first observed only minutes later, and the earliest en pattern seen is dependent on whether ftz has been active (S. DiNardo & P. H. O'Farrell, unpublished data). Similarly, the pattern of expression of ftz is responsive to the function of the hairy (h) gene even though transcription of the two genes is activated nearly simultaneously Ingham et al 1985; Howard & Ingham 1986) . The timing of these effects suggests that a long cascade of interactions intervening between the products of one gene and the transcriptional control of the other is unlikely, but of course a few fast steps could occur in the time available.
CELLS RESPOND TO THEIR NEIGHBORS
The phenomenon of developmental induction suggests that cell communication plays a major role in organizing morphogenesis. For example, in chick wing development a thicker region of ectoderm (the apical ectodermal ridge) induces the development of the underlying mesoderm. Although in insects we know much less about cell communication, it is clear that it plays a role in development. In grasshopper and in Drosophila, neuroblast cells that are precursors of the central nervous system arise by the differentiation of a minority population of cells in the ventral ectoderm. Cell ablation experiments with embryos have shown that developing neuroblast cells prevent the surrounding ectodermal cells from following a similar developmental path (Doe & Goodman 1985) .
Regeneration experiments in many organisms including insects (Bryant et al 1981) have uncovered several features that suggest that local communication plays a major role in the restoration of pattern. Only cells neighboring a wound respond. The responding cells appear to recognize that they are missing neighbors, and the new cells produced during regeneration are appropriate neighbors for the responding cells. However, in a frequent type of mistake, the wrong neighbors are produced. Rather than restoring their missing neighbors, the responding cells duplicate the neighbors that were not damaged by the wound. This type of error leads to a duplication of pattern elements in reverse polarity (French et al 1976) . Its prevalence in regeneration experiments argues that regeneration is guided by local interactions rather than long-range signals specifying the polarity of a structure.
One of the major conclusions derived from studies of the patterns of expression of developmental genes is that segmentation and homeotic gene products act in the cells in which they are expressed to determine the developmental fates of cells. This conclusion was suggested by the correspondence between the positions of expression of particular developmental genes and the positions of morphological alterations in mutants defective in these genes. However, this correspondence is not perfect and actually should not be expected to be perfect. In mutants, final morphology might be expected to be modified by regenerative responses provoked by the deficiency of pattern elements.
The segment polarity mutations cause defects in all of the segments. In general, part of the normal pattern is missing from each segment and the remaining structures are duplicated in mirror image. Each of the nine identified genes in the segment polarity class affects different parts of the segments, and each has a distinct plane of mirror-image symmetry, but otherwise the mutant phenotypes are similar in format. Although nothing is known about the products specified by the segment polarity genes, it is plausible that they are regulators that specify the fate of different parts of each segment. In the regeneration studies described above and others (e.g. Lawrence 1973) , it was observed that cells are sensitive to whether they have appropriate cell neighbors. This suggests how the phenotypes of segment polarity mutations may arise (Ntisslein-Volhard & Wieschaus 1980) . In a mutant unable to specify a particular cell type, the only way for all cells to have only normal neighbors is to produce a polarity reversal pattern. Polarity reversals are not exclusively the result of mutations in segment polarity genes ; the Kr gap locus, the runt pair-rule locus (N/issleinVolhard & Wieschaus 1980), and the bicaudal maternal effect locus (Niisslein-Volhard 1979) also have polarity reversal aspects of their phenotypes.
Two kinds of cell-cell interactions may be important for development of segments. First, molecules involved in forming gradients spreading through the embryo might originate from cells in one part of the embryo.
In this case, mutations in genes encoding the gradient molecules would have an effect on the whole embryo even if only the expressing cells were mutant. A second possibility is that local cell-cell interactions of the sort observed in insect neural development (Doe & Goodman 1985) are important for formation of the segmental pattern. Mutations in genes encoding molecules involved in such local interactions would be expected to be largely, but not completely, cell autonomous. In genetically mosaic embryos having mutant and wild-type cells, an abnormal phenotype should be seen in some of the wild-type cells located near mutant cells as well as in regions of mutant cells.
Many studies have demonstrated cell autonomous behavior of homeotic genes (e.g. Garcia-Bellido & Lewis 1976; ; but see Struhl 1981a for a possible exception). However, only a few studies have examined the cell autonomy of segmentation genes (Morata & Lawrence 1977 ; Gergen & Wieschaus 1985 , 1986a . The difficulties in examining segmentation gene cell autonomy are in generating genetic mosaics at a very early stage and in obtaining visible embryonic marker mutations that distinguish the different parts of the mosaic. In the studies to date, one pair rule locus (runt), one gap locus (giant), three segment polarity loci (wingless, armadillo, and fused), and one unclassified locus in which mutations cause segment deletions (unpaired) have been examined. In each case except wingless, the mosaics showed that the effects of the genes were primarily cell autonomous. The wingless mutation is not cell autonomous during the development of adult cuticular structures : Mutant clones in wild-type wings have a wild-type phenotype (Morata & Lawrence 1977) . wingless has not yet been examined for cell autonomy in embryos. In the other cases, embryonic autonomy was observed : Mutant cells had mutant phenotypes, and wild-type cells did not. No long-range effects of mutant cells on wild-type cells, or vice versa, were observed. However, short-range nonautonomous effects were observed in embryo mosaics of some of the genes. For example, in a subset of the runt mosaics, some genetically wildtype cells adjacent to mutant runt cells formed non-wild-type patterns (Gergen & Wieschaus 1985) , which suggests that cells are responding their neighbors locally. Similar possible cases of local nonautonomy were observed for giant and unpaired (Gergen & Wieschaus 1986a ). These results do not necessarily imply that the runt (or giant or unpaired) product diffuses from cell to cell, or even that it is a cell surface molecule. The lack of a particular regulator in a mutant may lead to a cascade of effects, sbme of which may alter cell-cell interactions. Thus, even if a gene encodes, for example, a transcription factor, mutations in the .gene could indirectly affect genetically wild-type cells located nearby by acting upon other genes involved in cell-cell communication. It will be important to determine which segmentation genes are involved, directly or indirectly, in cell-cell interactions.
A DIGITAL MODEL OF PATTERN FORMATION
There remains a conceptual challenge. How can the new observations explain emergence of biological pattern? Data summarized in this review have revealed some fundamental steps responsible for pattern formation.
It seems important to attempt to make some order out of what may seem to be a complex morass of data. We therefore present a schematic model here that is intended to highlight possible general principles in the creation of pattern. Its important points are: (a) pattern formation is controlled by the localized expression of a number of regulatory gene products; (b) pattern formation involves a series of sequential subdivisions of the embryo; (c) combinatorial control by a battery of genes leads to the induction of new gene activities in a regulatory cascade (Garcia-Bellido 1977; Lewis 1978; Kauffman 1981) ; (d)more than one combination regulatory genes can lead to the activation of a particular "downstream" regulator; (e) a series of induction events is not itself sufficient to refine the pattern; and (f) cell-cell communication is likely to play an important part in pattern refinement. Pattern formation appears to occur as a sequential process. Thus, a coarse early pattern (the gap pattern) is resolved into a finer (the pair-rule pattern) and finer pattern (the segmental pattern). Spatial information along the dorsal-ventral axis may be similarly resolved through a sequence of subdivisions. The greatest amount of information is available about the pair-rule to segmental unit transition. Like the observed patterns of expression of ftz and h, most or all of the other six pair-rule gene products are likely to show localization to stripes with a periodicity of every other segment. However, since the spatially periodic defects of pair-rule mutants are offset from one another, we expect the stripes of expression of these gene products to be displaced with respect to one another (Figure 4a ) (Ingham et al 1985 ; Ish-Horowicz et al 1985) . This means that each cell along the anterior-posterior axis will express a combination of regulators that distinguishes it from neighboring cells just ahead or just behind. It is then just a small step to the idea that certain combinations of pair rule gene products may induce or repress certain "downstream" target genes (transition from Figure 4a to 4b). The observations, described above, the induction of the segment polarity gene engrailed by the genes ftz and prd support the idea that regulation is combinatorial.
The pair-rule gene products regulate the expression of engrailed (en) to Annual Reviews www.annualreviews.org/aronline produce a pattern that is finer (14 stripes) than the spatial patterns expression of pair-rule gene products (e.g. 7 stripes offtz) (Figure 2 ). How can a coarse pattern direct the expression of a more detailed pattern of expression? As is discussed above, ftz appears to be required to induce only the even-numbered en stripes, while prd is required only for the oddnumbered stripes. One important observation is therefore that the same outcome (in this case en activation) can result from either of two different signals or combinations of signals. Together, the different signals produce two stripes of en expression within each pair-rule repeat interval. This principle is shown schematically in Figure 4 : the expression of gene D is induced either by the combination of genes 6, 7, and 8 "on," or by genes 2, 3, and 4 "on."
In an induction step an existing group of spatially localized regulators controls expression of the next group of regulators in a step of pattern refinement. Since pattern establishment appears to proceed stepwise, it is tempting to suggest that a repetition of induction steps may be responsible for sequential pattern refinement. However, repetition of induction steps alone is inadequate because these steps do not refine pattern. An induction step, such as that in Figure 4 , is merely a process of "reading out" an existing prepattern, because it relies on the fact that each cell is already distinguished from its neighbor by its particular combination of regulators. Thus, although an induction step can subdivide a periodic pattern once, it does not increase the detail of the pattern, and most importantly, the subdivision process cannot be repeated directly. This is illustrated by the pattern of distribution of regulators in Figure 4b ; this pattern cannot be further subdivided by another induction step. We next discuss how an "induction step" can be combined with a different sort of event (a subdivision step) to create a two-step process that creates finer pattern elements. Moreover, repetition of this two-step process of induction and subdivision can sequentially refine the pattern, whereas repetition of either step alone cannot.
To refine pattern information, a process must subdivide a region (a "spatial unit") across which regulators are initially uniformly distributed. Cell-cell interactions that cause changes in gene expression could provide the information required for this subdivision step. Although there are many ways that local interactions could subdivide spatial units, only one hypothetical format is described here.
We begin by suggesting that when a regulator is induced, a second (partner) regulator is also induced by the same signals so that two regulators are expressed in each spatial unit (Figure 5a ). Although initially coincident, the distributions of a regulator and its partner are changed by cell (or, at a syncitial stage, nuclear) interactions. For example, expression of one regulator could be locally suppressed by interactions with cells to the anterior, while continued expression of is partner regulator could be Figure 4 ; gene expression is indicated by either black or shaded blocks. However, in contrast to Figure 4b , two regulators are induced in each repeating unit: a regulator (black) and a partner regulator (shaded). Although each regulator is initially expressed in the same pattern as its partner, cell interactions cause a "retreat" of each regulator into only part of the original region of expression, as shown in b. Such a "subdivision" step causes different parts of each spatial unit to have a different combination of regulators : just one, just the other, or (in the center) both. Therefore, a new round induction events could occur, just as in Figure 4 , but at a finer level of pattern. In the diagram shown, neighboring cells have a negative influence on expression of the regulator or its partner, but a formally similar model could be drawn in which the interactions are positive: A neighboring cell could induce an additional regulator rather than repressing a previously activated regulator. Annual Reviews www.annualreviews.org/aronline locally suppressed by interactions with cells to the posterior. As a result, spatial units would be subdivided to create three zones, one expressing only one regulator, one expressing both this regulator and its partner, and one expressing only the partner regulator (Figure 5b) . Data that suggest a model of this type include the observed refinement of expression of hairy andfushi tarazu from solid regions to stripes (Hafen et al 1984a; Ingham et al 1985) and the shrinkage of ftz stripes from four cells wide to three (Carroll & Scott 1985) . As is illustrated in Figure 6 , if steps of induction of new groups of localized regulators alternate with steps of subdivision of spatial units throughout development, this process can refine a pattern to any extent required.
The model shown in Figures 5 and 6 offers a way in which the spatial patterns of expression of homeotic genes might be regulated. The expression of homeotic genes begins at a stage when segmentation genes are expressed in a periodic pattern along the axis of the embryo. Since each homeotic gene is expressed only in particular segments (or parasegments), there must be a means of distinguishing each of the periodic repeats. The model suggests that if the regulators made at earlier times were to linger, the final combination of regulators could encode distinct identities for each repeat unit. For example, the broad early expression of one regulator could persist to distinguish repeating units, as indicated by the stippled region in Figure 6 . Homeotic gene expression could be appropriately switched on or off in particular repeat units by such a regulatory system. The effects of the hb gap locus on homeotic gene expression, described above, are consistent with the idea that early acting regulators also affect later events. This model proposes that local cell-cell communication is involved in pattern formation. Although there are a number of indications that local communication is involved in Drosophila development (see the previous section), the mechanism and even the properties of this communication remain largely unknown. A good deal of the pattern is laid down before there are any cells, so that cell membranes that separate nuclei cannot be required for the earliest parts of the process. Alternatively, a spatial unit could be subdivided by cell lineage mechanisms. These are particularly interesting because embryonic pattern development of some organisms is strongly dependent on lineage. A cell lineage mechanism can have substantial homology to the digital model already discussed. Thus, in an induction step, a combination of regulators in a particular cell could induce two new regulators (regulator and partner). To subdivide spatial units, mitosis could segregate two daughter cells (or, in early Drosophila embryos, two daughter nuclei), one producing one regulator and the other its partner regulator. Which daughter cell received which regulator could be controlled by the polarity of the parent nucleus or cell, the polarization being the result of earlier pattern-forming events. The elaborate cell cycle regulation of the yeast HO gene (Strathern & Herskowitz 1979 ; Nasmyth 1985) has many of the properties required by the proposed cell lineage paradigm.
We describe the model presented here as digital because it proposes a series of discrete subdivisions. This emphasizes its distinction from gradient models, in which a cell defines its position by interpreting the concentration of a morphogen, an analog step. The digital model is consistent with the resilience of the pattern formation process. Because interactions are local, the outcome will not easily be disturbed by experimental spatial distortions of the embryo (Vogel 1982a,b) . The types of cell-cell interactions suggested here could be similar to those thought to account for regeneration phenomena (French et al 1976) , as proposed by Gergen et al (1985) .
It should be clear that the schematic diagram ( Figure 6 ) is meant only as an aid to illustrate the types of processes that may be involved in creating pattern. Much more data will be required to define the actual regulatory circuitry so that such a figure could be transformed into a diagram of Annual Reviews www.annualreviews.org/aronline relationships between known genes. The number of components in the process, and whether particular interactions are positive or negative, could vary between stages of development, between tissues, and between organisms. Each step in pattern refinement could employ different sorts of interactions. Both positive and negative influences of cells on the gene expression of neighboring cells could be involved. Several developmental genes appear to have independent programs of expression in Drosophila epidermal ectoderm and in neural ectoderm. Most dramatically, the ftz gene is expressed twice, once in 7 stripes in the epidermal precursor cells and once in 15 repeating units in the developing nervous system (Carroll & Scott 1985) . Thus, some of the pattern-forming machinery may be used more than once during development.
The events and mechanisms revealed by the above studies are unlikely to be unique to insect development. Hopefully, some of the Drosophila genes involved in pattern formation have functional analogs in other organisms, despite the extraordinary and beautiful diversity of developmental pathways. Thus, although much remains to be done, the studies described in this review may have wide-ranging implications for our understanding of the molecular basis of pattern-formation mechanisms in all organisms.
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